This paper describes an efficient tyre test procedure that can be used to collect the data required to parameterise empirical tyre models used in the computer simulations of vehicle dynamics. The new GS2MF FreeRolling test procedure develops established methodologies, such as the time measurement procedure from the TIME project and the MICH2MF measurement protocol developed as alternatives to traditional square matrix testing. The new process is designed to reduce the number of expensive tyre tests without compromising the accuracy of the generated tyre model parameters.
Introduction
The use of computer models and virtual simulations in vehicle development has grown significantly within all areas of the automotive industry. The overall impetus for this is driven by the requirements to reduce the cost, to improve the repeatability and to avoid, where possible, the necessity to conduct dangerous manoeuvres at the proving ground. This overall area of activity is recognised as critical in the drive towards the more extended use of virtual prototypes and the ambition to enable total virtual sign-off of new vehicle designs. In some areas the methodologies applied to the modelling of vehicle systems and components are well established. In other areas, further development is needed. Of these, the modelling of the pneumatic tyre to support the simulations of vehicle dynamics studies into the ride and the handling 1, 2 remains one of the most challenging and is the subject of advanced and specialist research. Studies for example into areas such as braking 3 or anti-lock braking systems 4 require an understanding of the longitudinal force on the tyre as it varies with the slip ratio while, for vehicle-handling studies, estimation of the cornering stiffness of the tyres 5 and the relaxation length 6 is also important. The appropriate method of modelling a tyre depends on the intended application and can range from large physical models using a finite element approach to represent the structure and materials of the tyres, to empirical models that represent the forces and moments measured in the contact patches of the tyres using a tyre test rig. The finite element approach requires detailed and confidential information regarding the material properties and the construction of the tyres; it is therefore best used internally by tyre manufacturers or for specialist research applications. 7, 8 Apart from tyre manufactures, semiempirical tyre models such as FTire 9 and CDTire 10 are often used for ride analysis, while fully empirical models have proved to be the most suitable for simulating handling manoeuvres. A number of researchers have developed handling models to support this; these include the Blundell-Harty 11 model and the Fiala 12 model. However, over recent decades, the most widely used tyre model is that developed by Pacejka and his co-workers. [13] [14] [15] [16] [17] [18] [19] Originally referred to as the 'magic formula' tyre model, this model is now commonly known as the MF-Tyre model and has been developed through many iterations during which time its capability and the number of associated model parameters have been extended. The version of the magic formula model that forms the basis of the study presented here is the MF-Tyre 6.1 model, published in 2010 by Besselink et al. 20 The wide-ranging capability of the model extends its usage from fundamental vehicle dynamics applications to more advanced studies such as research into anti-lock braking systems and traction control. 2 Before parameterising any empirical tyre model a range of tests must be performed using a tyre test rig to measure the resulting force and moment components generated owing to the distributions of the pressure and the stress in the contact patch. The load cases investigated during the test are designed to map the conditions that the tyre experiences in service for various camber angles, various slip angles and various values of the vertical force. It is also possible to drive or brake the tyre and to measure the forces generated owing to the longitudinal slip.
Complex simulations that aim to map a full range of behaviours involving combined driving or braking with cornering can require an extensive programme of tyre tests to be performed. The rigs used are typically large and expensive laboratory-based installations, such as the Calspan flat-belt tyre test rig shown in Figure 1 . This facility was used to generate the tyre data presented in this paper.
Facilities such as this are not common, are expensive and can be considered world class. As such, they are fully utilised by automotive manufacturers and research organisations. An overview of tyre-testing processes and their use to support tyre modelling in vehicle dynamics can be found in chapter 13 of the book by Milliken and Milliken 21 and in chapter 5 of the book by Blundell and Harty. 22 The operational capabilities of the Calspan tyre test rig used here are listed in Table 1 .
The magic formula model has been proved to provide consistently an accurate representation of the tyre behaviour measured on these rigs; however, it does require a large parameter set to deliver this accuracy in order to curve fit the model to the measured data. A large parameter set requires a wide range of physical testing to be performed, and the cost associated with the extended use of a tyre test facility can become a limiting factor. As such, the focus of the research presented in this paper is to offer a new and efficient methodology that can reduce the number of physical tests performed without compromising the accuracy of the generated magic formula parameter set. This new process is referred to as the 'GS2MF FreeRolling test procedure'. Unless otherwise stated, all the forces and moments described in this paper are reported using the ISO-W axis system shown in Figure 2 .
Magic formula
The magic formula, or MF-Tyre, model is an empirical tyre model developed for handling-based vehicle dynamics modelling. It is designed to replicate the force and moment tyre test data for pure lateral cornering, braking, driving and combined handling conditions. The magic formula model was first developed as a joint venture between Volvo Cars and Delft University of Technology.
14 At that time, the model was valid only for steady-state pure cornering and braking. However, the lateral and longitudinal forces as well as the selfaligning torque were described accurately. In 1989, the magic formula model was updated to include combined cornering and braking, as well as the plysteer, the conicity and the rolling resistance. 15 It was in that paper that the defining form of the magic formula was first published, as given by
where, in this general form, Y(X) is either the force or the moment in the lateral direction or the longitudinal direction and X is the slip condition. The other parameters include the following: B is the stiffness factor, C is the shape factor, D is the peak factor, E is the curvature factor, S V is the vertical shift and S H is the horizontal shift
In 1992, Pacejka and Bakker 17 published further updates to the magic formula model (now called 'version 3 of the magic formula'). Within this version the lateral asymmetry was represented, as well as a more accurate representation of the camber forces and the accelerating forces. However, the transient response of the tyre was still not included; this was not published until 1997, 19 by which time the model was now called 'Delft tyre 97'. This version of the magic formula model employed concepts of the pneumatic trail and the residual torque in order to model the self-aligning moment better. It was also the first time that the relaxation length of the tyre was included in the model.
In 2010, a significant update to the magic formula was published. 20 This expanded on the existing versions of the magic formula to include the inflation pressure scaling such that the tyre model can be set by the end user to any inflation pressure within its tested range. Furthermore, improvements were made to the nonlinear transient model, and the ability to cope with large camber angles was included for motorcycle applications.
Throughout its development, the various versions of the magic formula tyre model have been widely used across the automotive industry as well as in academia for automotive handling applications.
Tyre test rigs
Magic formula tyre models are typically constructed using the data obtained using indoor flat-surface test rigs. The first of these was the Tire Research Facility developed by Calspan, Buffalo, New York, USA, and completed in 1973. 24 It is a highly capable rig engineered to support very high loads and torques; the rig remained fundamentally unchanged from its inception until 2014, when its drive system was upgraded from hydraulic to electric in a bid to increase both the power and the slip ratio control.
This and other similar rigs such as those built by the MTS Systems Corporation 25 consist of two large drums Alternative rigs, such as drum rigs, are less suitable for obtaining handling data as they cause the contact patches of the tyres to be curved rather than flat; this typically leads to inaccurate prediction of the lateral force. The need to correct for curvature effects from testing with drum rigs was recognised by Schuring et al., 26 who considered the use of correction factors when generating parameters for the magic formula tyre model. Articulating heads mounted in trailers are often used to collect handling data on public roads, racetracks and proving grounds. This approach can increase the accuracy as testing is conducted on real road surfaces rather than on sandpaper. However, the repeatability is not to the level of an indoor rig, which can lead to problems when comparing multiple tyres.
Existing test methods

Square matrix
A common method of testing tyres to obtain data for the parameterisation of MF-Tyre 6.1 tyre models involves covering a full range of tyre states and is often known as the square matrix method. This is an approach commonly used in industry to test tyres over a range of input variables including the load, the camber angle, the slip angle and the slip ratio. It was described by Blundell 27 although at the time the term square matrix was not in common use. It should be noted also that the method described at that time did not include the procedures that were employed later to manage the tyre temperature and wear during the test programme. For square matrix testing, typically a pair of sweeps is selected when using a square matrix approach to collect small-slip-angle data at a low rate, followed by large-slip-angle data at a higher rate. An example of this method is as follows: small-slip-angle sweep, 0°!22°! +15°!215°! +2°! 0°deg at 4 deg/s; large-slip-angle sweep, 0°!25°! +28°!228°! +5°! 0°deg at 12 deg/s. Additionally, a set of load cases are selected covering ranges of constant loads, constant camber angles and constant inflation pressures. Examples of these values for a 255/55R20 SUV road vehicle tyre are as follows: four loads, 3480 N, 6960 N, 8700 N and 10440 N; three camber angles, 0°, 25°and 5°; three inflation pressures, 2.1 bar, 2.6 bar and 3.2 bar.
The small-slip-angle sweep and the large-slip-angle sweep are then carried out at every possible combination of the load, the camber angle and the inflation pressure. This generates a full square matrix data set totalling 72 (four loads 3 three camber angles 3 three inflation pressures 3 two sweep types = 72) individual sweeps.
Because of the effect of excessive tyre wear, these 72 sweeps cannot all be conducted on the same tyre; instead, six tyre specimens are used. Typically, a new tyre is used for each sweep type and each inflation pressure. This means 12 small-slip-angle sweeps are conducted on the same tyre specimen, one sweep at every combination of load and camber angle but all at one inflation pressure. A new tyre is then used for each of the remaining pressures (using three tyres). This is then repeated for the large-slip-angle sweeps, meaning that six tyres are used in total.
The approach is simple and collects the necessary data to parameterise the MF-Tyre 6.1 tyre models; however, obtaining a complete data set following this method takes a rig time of approximately 2.8 h, making it less cost effective. Furthermore, for vehicle dynamics applications, it is very inefficient. Testing symmetrically across all sweeps means that data are acquired for load cases unobtainable in a real car. Moreover, if an additional load case is required, such as testing at an additional load, every camber and inflation pressure sweep needs to beperformed at this extra load whereas, in practice, only some of the sweeps may be required. Finally, the test procedure assumes that all the load cases are equally important but, in fact, it may be beneficial to collect additional data in more important areas, such as close to zero slip where additional cornering stiffness data can be used to increase the accuracy of the model in this region.
The TIME test procedure
As described first in 1999 by Van Oosten et al., 28 the time measurement project TIME was a collaboration of 14 partners aiming to develop a common tyre measurement procedure in order to make data from various sources more comparable. This was a very extensive study including comparing data from six different tyres tested on 11 different tyre test rigs. It also proposed the idea of a 'cruising' type of test where the tyre is rolling while subjected to load conditions in a similar fashion to a real vehicle.
This test procedure includes three key sections: first, a warm-up to heat the tyre into a temperature state closer to its standard operating conditions; second, a linear sequence to obtain cornering stiffness data at small slip and camber angles; third, a non-linear section to collect tyre force and moment data in larger-slipangle conditions.
The particular load cases used in the TIME test procedure are based on the load rating of the tyres, which is a valid way of directly adapting the test procedure to suit the tyre being tested.
The main limitations of the TIME test procedure are that it was developed for earlier versions of the magic formula which were used for validation of the procedures. Hence, it does not include any testing to obtain the effect of changing the inflation pressure, which was introduced later in MF-Tyre 6.1. Additionally, the procedure is steady state only and does not include any attempt to obtain the transient response of the tyre.
The MICH2MF test procedure
The MICH2MF tyre-testing procedure was developed by Buisson 29 at the Michelin Tyre Company in France. It is a test procedure which aims to be an advance on the TIME procedure to ensure that the thermomechanical behaviour of the tyres is consistent with real driving conditions.
In that paper, Buisson pointed out that current mathematical models do not represent the effect of the temperature of the tyres and that the performance of the tyres is dependent on their history. As both the cornering stiffness and the grip characteristics are temperature dependent and as the temperature of the tyres depend on their preceding load conditions, it is important for a test procedure to be as close as possible to the load cases placed on the tyres by a real vehicle when driving. Based on this, the load cases used in the MICH2MF test procedure are calculated using both the size and the load rating of the tyre being tested, as well as the average load conditions observed by driving vehicles on the Michelin Ladoux 'number three handling track'.
The procedure also includes repeated testing at three different inflation pressures to enable pressure interpolation. However, the latter section of the test needs to be repeated at each pressure, which is inefficient.
The MICH2MF procedure clearly extends the 'cruise' type of testing presented in the TIME procedure and develops the idea further by linking the load cases directly to the loads exerted on the tyres by a real vehicle. This is a sensible idea and means that a tyre is tested in a scenario much closer to its intended running conditions. This idea of managing the temperature is also sensible when it is not represented in the tyre model.
Summary of the test procedures
Based on analysing the existing test procedures the following observations were made.
1. Square matrix testing is highly inefficient, using a significantly longer rig time and more tyre specimens than are necessary. 2. The TIME and MICH2MF procedures show that an alternative cruise-type test procedure can be much more efficient than square matrix testing.
3. The cruise-type test procedure can also be more similar to the load cases exerted on a tyre when fitted to a vehicle. 4. The TIME and MICH2MF procedures are developed for the MF-Tyre 5.2 tyre models and hence do not including testing at multiple inflation pressures. Therefore, the entire test procedure needs to be repeated at each pressure, which loses efficiency. 5. The TIME and MICH2MF procedures shows that test loads can be linked directly to the load rating of the tyres. 6. The MICH2MF procedure highlights that the tyre performance is dependent on its test history, meaning that the temperature of the tyre needs to be managed throughout the test procedure. 7. None of the test procedures includes an integrated section of testing to collect data pertaining to the relaxation length of the tyres. 8. In both the TIME procedure and the MICH2MF procedure, testing is symmetrical, which means that the tyre is being tested for load cases that are unobtainable in a car.
To address these limitations, the GS2MF FreeRolling test procedure was developed and is described in the next section of this paper.
The GS2MF FreeRolling test procedure
The overall GS2MF FreeRolling test procedure requires one tyre specimen and is a single test sequence split into nine distinct sections as shown in Figure 3 ; the procedure involved in each of these sections can be summarised as follows.
1. Warm-up. The warm-up section heats the tyre closer to its operating temperature. 2.
Step steering.
Step-steering tests are performed to obtain data pertaining to the relaxation length of the tyres in various load cases. 3. Graph sweep 1. Graph sweep 1 is conducted to establish the benchmark performance of the tyres in optimal conditions (warm but only lightly worn). 4. Cornering stiffness and vertical stiffness. Cornering stiffness testing and vertical stiffness testing are conducted. 5. Force and moment, inflation pressure 1. Force testing and moment testing are conducted at the lowest inflation pressure. 6. Force and moment, inflation pressure 2. Further force testing and moment testing are conducted at the middle inflation pressure with a few additional sweeps. 7. Force and moment, inflation pressure 3. Force testing and moment testing are conducted at the highest pressures; this is identical with force testing and moment testing at the lowest pressure.
8. Graph sweep 2. Graph sweep 2 is a repeat of graph sweep 1; this allows data from these to be compared and the effect of tyre wear to be observed. 9. Severe tests. Severe testing under large slip angles and large camber angles is conducted at the end so that the additional wear caused by these sweeps does not affect any other testing.
Vehicle weight transfer with slip angle
At an early stage in developing this new procedure, vehicle dynamics analysis was conducted using virtual vehicle simulations to investigate the weight transfer of a vehicle and to link this to the slip angles of the tyres. The slip angles and the loads within the GS2MF FreeRolling test procedure were then determined so as to reflect this vehicle behaviour. The GS2MF FreeRolling procedure was then compared with the square matrix test procedure, as shown in Figure 4 . When considering a vehicle's right-hand-side tyre the load increases from the static load when steering to the left, and decreases when steering to the right; this is due to the weight transfer of the vehicle during cornering. This weight transfer is not taken into account in the square matrix test procedure. Instead, the tyre is being tested for load cases that it never experiences on a real vehicle.
For this reason, asymmetry was introduced to the GS2MF FreeRolling test procedure where the tyre is tested only for load cases obtainable on a real vehicle. This is shown with the 'S' curves in Figure 4 . It can also be seen that these S curves flatten out at a certain slip angle. This represents the point during the vehicle manoeuvre where the tyres are generating a peak lateral force, so that the lateral acceleration is constant and hence no further weight transfer can occur. Instead, an additional slip angle can be applied but the vertical load remains constant as the tyres have reached a state beyond the point of generating the peak lateral force.
Sweep shape: shark tooth
A compromise exists regarding the slip angle rate used during free-rolling cornering tests. If a high slip angle rate is used, the tyre cannot be considered to be in a steady-state condition. Because of this, mechanical hysteresis is observed, particularly in the linear region close to slip angles of 0°. This mechanical hysteresis causes a wide spread in the lateral force data when steering out compared with steering in, which makes the fitting of a steady-state magic formula tyre model less accurate; this is further discussed in the section on parameterisation. To that end, the hysteresis can be reduced by using a slower slip angle rate. However, this causes the tyre to spend more time at large slip angles which increases the tyre's temperature, leading to thermal hysteresis. This is where the force outputs of the tyres change because the temperature variation across the steering sweep is too high. Furthermore, any additional heating of the tyre means that the cool-down periods between each sweep need to be longer to allow the heat to dissipate and the tyre to cool to a consistent baseline temperature before starting the next sweep. This then leads to a longer overall test duration and therefore additional test rig costs. A key objective of the GS2MF FreeRolling test procedure is to minimise the temperature throughout the test without compromising the data integrity in order to reduce the thermal hysteresis and the overall test duration.
To address this requirement a variable-rate sweep is used, whereby the tyre is steered at a low slip angle rate when close to a slip angle of 0°and at a higher rate when at large slip angles. A comparison between a variable-rate sweep and a constant-rate sweep is shown in Figure 5 .
Testing was conducted to validate the variable-slipangle-rate approach and to investigate the optimal low and high slip angle rates as well as the threshold to change between these rates Initially, testing was conducted to select the optimal low slip angle rate. Figure 6 shows the results of the temperature against the time (Figure 6(a) ) and the lateral force against the slip angle ( Figure 6(b) ) for four constant-slip-angle-rate sweeps conducted at 2 deg/s, 4 deg/s, 6 deg/s and 8 deg/s. The lateral force plot shows that the slowest (2 deg/s) slip rate generated the least mechanical hysteresis, with a variance from + 50 N to 2425 N between steering out and steering in. The average between these is 2188 N crossing a slip angle of 0°; this is the closest to a steady state. The mechanical hysteresis during the 4 deg/s sweep was wider between + 365 N and 2711 N; however, the average of 2173 N remained similar to the 2 deg/s sweep. The data at 6 deg/s and 8 deg/s showed considerably worse mechanical hysteresis and were therefore not considered. Additionally, the data for 4 deg/s were less noisy and the peak tyre temperature was around 10°C cooler than for 2 deg/s. For these reasons, a low-speed slip angle rate of 4 deg/s was selected.
Further testing was conducted to investigate the optimal slip angle rate to be used at large slip angles. Four sweeps were conducted at 6 deg/s, 8 deg/s, 10 deg/s and 12 deg/s with the results of the lateral force against the slip angle, as well as the temperature against the time, for the four slip angle sweeps shown in Figure  7 . The lateral force plots (Figure 7(b and c) ) show that the thermal hysteresis is similar across all slip rates. The temperature plot (Figure 7(a) ) shows that the tyre temperature was cooler and more consistent during the fastest (12 deg/s) sweep. For this reason the highest slip rate of 12 deg/s was selected. Testing at higher slip rates would be beneficial; however, this is the highest slip rate that the test rig is capable of.
Finally, additional testing was conducted to determine the optimal slip angle threshold to switch between the low slip angle rate and the high slip angle rate. Thresholds of 2°, 4°, 6°, 8°and 10°were investigated, and the results are shown in Figure 8 . The results show that there is little change between the temperatures for the different thresholds (Figure 8(a) ); the lateral force versus slip angle plots (Figure 8(b and c) ) also show very little variation. A low threshold is desirable as this causes more time to be spent using the high slip rate, which leads to shorter sweep times as well as a shorter overall test time and lower cost. However, it was decided that the 2°threshold did not include sufficient low-slip-rate data to obtain a reliable cornering stiffness over a sufficiently wide range. For this reason the 4°threshold was selected.
The selection of a 4°threshold is supported by the work presented by Rill, 30 who showed that the relaxation length of the tyres is reduced with increasing slip angle and that, at 4°, the relaxation length decreases to between 20% and 30% of its length compared with that at 0°whereas, at a slip angle of 2°, the relaxation length is still between 40% and 60% compared with that at 0°. This suggests that using a faster slip angle rate at slip angles greater than 4°generates data with not only a low thermal hysteresis but also a low mechanical hysteresis owing to the significantly reduced relaxation lengths in this region. Additionally, the work presented by Rill 30 shows that the relaxation length at 4°is significantly less sensitive to the vertical load than the relaxatio length at 2°. Consequently, setting the threshold at 4°is valid across a wider range of load cases. This reference also reinforces the proposal to use high slip rates at larger slip angles where the relaxation length (and hence the mechanical hysteresis) is reduced.
In summary, the following rates and thresholds are used: Figure 9 . The plot of the lateral force against the slip angle between 21°and + 1°shows that, close to a slip angle of 0°, the variable-rate sweep performed as well as the best (4 deg/s) constant-rate sweep, generating the minimal mechanical hysteresis. At larger slip angles the results show that faster slip angle rate sweeps generate slightly higher lateral forces; again this is matched by the variable-rate sweep. This is expected to arise because the tyre is closer to its optimal temperature during this sweep as the tyre spends less time at large slip angles and hence does not overheat. The temperature plot shows that the variable-rate sweep is the coolest throughout, having the lowest temperature variation across the sweep, which results in the minimal thermal hysteresis.
In summary, the variable-rate sweep generated the least mechanical hysteresis in small-slip-angle conditions resulting in the best small-slip-angle data, while also generating the lowest peak temperature and hence the least thermal hysteresis at large-slip-angle conditions, resulting in better-quality data throughout. Furthermore, the reduced peak temperature leads to reduced cooling times and hence a lower overall test duration.
Sweep shape: F z sweep
The majority of GS2MF FreeRolling testing is carried out at slip angles between 210°and + 10°(shown in Figure 3 ) as conducting all sweeps to large slip angles results in excessive heat and wear on the tyre. However, in order to model large-slip-angle vehicle dynamics manoeuvres, the resulting MF-Tyre 6.1 tyre model is required to generate plausible results over a slip angle range that is much larger. The F z sweeps introduce a favourable compromise in collecting the minimal data at very large slip angles, allowing the tyre model to interpolate rather than to extrapolate out to a slip angle of 25°.
This F z sweep approach steers the tyre to the 18°or 25°slip angle condition while generating the minimal Figure 9 . A comparison of the variable-slip-angle-rate sweep used in the GS2MF FreeRolling compared with constant-rate sweeps: (a) the influence on the temperature; (b) the influence on the lateral force close to zero slip angle; (c) the influence on the lateral force at large slip angles.
heat owing to the low load of 1000 N. While holding the slip angle, the load is then ramped up and down. This generates high-energy data only where it is needed, rather than generating heat repetitively going to and from each large-slip-angle condition.
At the very end of the procedure, two F z sweeps are conducted at large slip angles of 25°while also applying camber angles of + 6°and 26°. These tests generate data to maximise the operating range of the tyre model for both the slip angle and the camber angle. They are located at the very end of the test procedure because of the large amount of wear that they place on the tyre, which is then discarded.
Graph sweeps
Graph sweeps are included in the GS2MF FreeRolling test procedure in order to judge the effect of tyre wear during the test. This involves conducting five sweeps near the start of the test procedure which are then repeated towards the end. By overlaying the results from the two sets of identical sweeps, it is possible to observe how the tyre has changed during the test. This is a useful way of ensuring that the testing is consistent and that the results throughout the test are comparable. Two examples of this are shown in Figure 10 . Figure 10 (a) shows an example of a typical test where the tyre performs similarly at the start of the test and at the end of the test, suggesting that the tyre has not changed significantly throughout the procedure. Figure 10(b) shows an example where the tyre was tested under far too high loads. In this case the tyre was highly worn after the test, and the results show a significant change in the performance of the tyres as a result of excessive wear. In the absence of a tyre wear model the data cannot be used to construct accurate MF-Tyre 6.1 tyre models. While the data from such a test remain unusable, the inclusion of graph sweeps in the test procedure means that this is known as soon as the data are obtained, therefore enabling the user to make an informed decision regarding retesting the tyre or abandoning the MF-Tyre fitting.
Warm-up
The warm-up procedure used at the start of the GS2MF FreeRolling procedure is the first two thirds of the warm-up procedure used in the MICH2MF procedure.
Testing was conducted using only the five graph sweeps continuously repeated, starting from a cold tyre at 16°C. These multiple sets of graph sweeps can be compared with each other as well as with the graph sweeps from the main GS2MF procedure. Figure 11 shows that, as a result of testing, the tyre heated up until reaching a steady saturated baseline temperature (the temperature at the start of each test sweep) of around 42°C. This indicates that in these specific test conditions the natural baseline temperature is 42°C; therefore, a warm-up procedure which heats the tyre to precisely 42°C is ideal. The test was then repeated on a new tyre after using two thirds of the MICH2MF warm-up procedure to warm the tyre prior to running the same series of five repeating sweeps. After the warm-up section the tyre reached 38°C and then went on to reach a baseline of 42°C as it did without the warm-up. This means that the GS2MF warm-up procedure, using only two thirds of the MICH2MF warm-up procedure, heated the tyre to within 4°C of the natural baseline temperature.
Further analysis was conducted to investigate whether this 4°C variation in the baseline temperature significantly affected the performance of the tyre. The results in Figure 12 show a comparison of the first block of five sweeps after the warm-up procedure (where the temperature was 38°C) overlaid with a later block of the same five sweeps where the baseline tyre temperature of 42°C was reached. The plot of the lateral force versus the slip angle shows very little difference between the performances of the tyre. It was Figure 10 . Example graph sweeps of test data (a) which pass and (b) which fail within a data consistency check. The failed data are due to excessive wear on the tyre. therefore concluded that the 4°C temperature variation has a negligible effect on the tyre performance, and thus two thirds of the MICH2MF warm-up procedure was sufficient to warm the tyre adequately. In the interest of reducing the overall rig time and the tyre wear wherever possible, this shortened warm-up procedure is used in GS2MF FreeRolling procedure.
Step steering
Step-steering tests are included in the GS2MF FreeRolling test procedure in order to measure the relaxation length of the tyres in various conditions. The tests involve the following:
(a) rolling the tyre forward to relax the contact patch; (b) stopping the tyre with the vertical load still applied; (c) applying a static slip angle of 2°to the tyre; (d) accelerating the tyre while holding the slip angle.
The increase in the lateral force compared with the forward distance travelled by the rotating tyre is analysed, and the relaxation length can be calculated as the distance travelled until the lateral force of the tyre reaches 63% of its saturated peak force. This test is repeated at five loads, and then each load is repeated at three inflation pressures.
Ideally, the tyre is rolling throughout the test in order to avoid any relaxation length sensitivity to the forward velocity. However, if the tyre is rolling, the slip angle has to be applied instantaneously, which is impossible in a practical sense. Therefore, stopping the tyre and applying the steering statically are practical alternatives.
Cornering stiffness and vertical stiffness
Because the cornering stiffness is of particular importance for vehicle dynamics applications, special tests are integrated into the GS2MF FreeRolling procedure to obtain high-quality cornering stiffness data. For efficiency, these tests are integrated within the rolling radius tests that collect vertical stiffness data.
The cornering stiffness tests involve holding the tyre at a constant slip angle of 1°while the load is stepped five times. This is repeated at slip angles of + 1°, 0°F and 21°and at three pre-determined inflation pressures. Holding the tyre at a constant small slip angle ensures that the tyre is in a steady-state condition and allows clusters of data to be collected at each of the three angles. These data aid the magic formula fitting algorithms to represent accurately the cornering stiffness and its sensitivities. The 0°slip angle cluster, although not essential, is useful and can be used to establish any conicity or plysteer effects.
The vertical stiffness sections involve holding the tyre at a constant-zero-slip condition while the load is stepped four times. This is then repeated at three forward velocities and three inflation pressures. The vertical stiffness at each steady-state condition can then be calculated using the distance from the test surface to the wheel centre and the vertical load channels.
General force and moment
The general force and moment section of the GS2MF FreeRolling procedure shown in Figures 3 and 4 is used together with graph sweep 1, the cornering stiffness section and the severe section to parameterise the pure lateral force and the self-aligning torque parts of the MFTyre 6.1 tyre model. It involves a series of variable-rate free-rolling sweeps at various loads and camber angles, with the slip angle sweeping to various maximum angles; these are then repeated at the three predetermined inflation pressures. In order to minimise the testing time, the following additional tests are conducted at the middle pressure only:
1. Camber angle testing is carried out at a slip angle of 0°to obtain the pure camber thrust data. 2. A slip angle sweep is repeated with a camber and without a camber to isolate the camber effect. 3. One sweep is conducted with loads adverse to its slip angle direction, where most sweeps are conducted with negative slip angles at high loads (simulating a car's right-hand-side tyre steering to the left while the centrifugal force shifts the car's weight to the right) and positive slip angles under lower loads. One sweep is conducted in the opposite load case in order to maximise the stability of the tyre model. This helps to ensure that the model is plausible under unusual conditions such as a highly cambered road, where this load case may be possible.
The general force and moment section is the primary source of data for the magic formula fitting process. This is where the MF-Tyre 6.1 models are fitted to overlay the data using an optimisation algorithm.
Parameterisation
The GS2MF tyre-testing procedure provides a comprehensive data set across a suitably wide range of load cases which can then be used for the parametrisation of MF-Tyre 6.1 tyre models. Although the GS2MF procedure has been designed specifically for the MF-Tyre 6.1 version of the magic formula tyre model, in principle it can be used to parameterise other empirical handling models such as the Blundell-Harty 11 tyre model or the Fiala 12 tyre model. Using GS2MF data a variety of MF-Tyre 6.1 parameterisation processes can be run successfully, including the genetic algorithm used within OptimumT, 31 together with other alternative approaches. The selection of a suitable fitting process is not constrained to approaches where steady-state parts of MF-Tyre 6.1 are optimised separately to the relaxation lengths. If preferred, both sections can be optimised together; however, within the GS2MF procedure, there exists a specific set of tests to collect the relaxation length data (see the section on step steering). Therefore, irrespective of the selected fitting process, this section of data should be more heavily weighted when fitting the transient coefficients of MF-Tyre 6.1.
Conclusions
1. This paper shows that the GS2MF FreeRolling test procedure can generate higher-quality data with a reduced number of tests than the existing square matrix approach can. This was demonstrated by the variable-rate sweep generating the minimal mechanical hysteresis at small-slip-angle conditions, in line with a low-steering-rate sweep. Application of this process also results in the generation of reduced thermal hysteresis at largeslip-angle conditions in line with a high-steeringrate sweep. Furthermore, this was achieved with reduced peak temperatures during the slip angle sweeps. This in turn means that shorter cooldown times are required between the sweeps to allow the tyre to cool to a consistent baseline temperature, therefore leading to a reduced overall test duration.
Asymmetry was introduced to the GS2MF
FreeRolling procedure where the lateral weight transfer of a vehicle is taken into account to link the slip angle with the vertical load, the result being that the tyre is only tested in load conditions achievable by a vehicle. In comparison with square matrix testing, this effectively removes the slip angle sweeps that result in irrelevant data, further reducing the test duration and the rig time.
Ancillary tests are included in the GS2MF
FreeRolling procedure to obtain additional cornering stiffness data, as well as the vertical stiffness data and the step-steering data pertaining to the tyre relaxation length. The integration of these tests into the new GS2MF FreeRolling procedure means that no additional testing is required to build a free-rolling magic formula tyre model. This means that no changes in test rig configuration are required and that there are no tyre changes, again minimising the rig time.
Graph sweep tests are also included in the GS2MF
FreeRolling procedure, allowing the effect of tyre wear during the test to be observed by the engineers. This enables the data to be judged with respect to the tyre wear, hence improving confidence in the data quality. 5. Overall, the GS2MF FreeRolling test procedure requires only one tyre specimen and a test rig time of around 1 h to collect all the necessary data to parameterise the FreeRolling parts of an MF-Tyre 6.1 tyre model. This is a significant improvement over the rig time of 2.8 h and six tyre specimens required when using the square matrix approach. The GS2MF procedure also improves significantly on the TIME and MICH2MF procedures which each take around 3 h and use three tyres, as they are not optimised to obtain the influence of the inflation pressure. 6. The new GS2MF procedure provides a novel contribution in the field of tyre testing and the use of tyre models in virtual vehicle design. Improving the efficiency and minimising the rig time of the test processes lead to reducing the overall cost of producing the magic formula tyre models used in vehicle dynamics simulations. Furthermore, the improved data quality of GS2MF ultimately contributes to greater confidence in computer vehicle simulations, as well as the pursuit for increased use of virtual models in the vehicle development process.
